Introduction
Tellurite glasses are promising hosts for fiber lasers operating in the mid-IR [1] [2] [3] . They have low phonon energies, high refractive indices, high rare earth solubility, infrared transmission up to 5 µm and high gain per unit length [4] . Compared to fluoride glasses, which also feature low phonon energies, they exhibit a higher thermal stability and improved corrosion resistance [4] . In this paper, erbium was used as the rare-earth dopant as it can be pumped with commercially available diode lasers at 790 nm and 980 nm and emits in the mid-IR.
Microstructured optical fiber (MOF) technology [5] is a promising route to high power double-clad tellurite fiber lasers. Holey claddings offer novel properties such as the combination of large mode area, high power transmission without damage and single mode guidance at all wavelengths [5] . Cladding pumping requires the active dopant(s) to be confined to the core region. The refractive index of the active region must therefore closely match to that of the passive glass. It is well known that doping silicate glasses with rare earth ions increases the refractive index (n) [6] . In contrast to silicate glasses (n≈1.5), tellurite glasses have higher refractive indices (n≈2.0) and considerably higher polarizability [7] . When doping tellurite glass, the tellurium ions are replaced by rare earth ions which have a lower polarizability. As a result the Er-doped tellurite glass has a lower refractive index than the undoped glass [8] . This is of particular importance when doping only the core of a MOF as the refractive index of the core may be reduced to below the effective index of the holey cladding, thus preventing index guiding. The guidance can be restored by increasing the air fraction of the microstructure in the cladding [9] , or by modifying the composition of the core and cladding glasses to minimize the difference in their refractive indices. The addition of La 2 O 3 to a tellurite glass promises index matching between undoped and rare earth doped glasses. The La 3+ ions have similar properties to the active rare earth ions, such as Er
3+
, but do not absorb in the same wavelength range. The potential of La 2 O 3 for index matching in tellurite glass is illustrated by the bulk glass measurements reported in Ref [10] .
The 5Na 2 O-20ZnO-75TeO 2 tellurite glass composition was demonstrated to be a promising host for rare-earth doped lasers [4] . In this paper, we explore the potential of this glass composition (hereafter referred to as base glass) for the development of a core doped tellurite MOF, using erbium as the active ion. We demonstrate that modification of the cladding structure alone is insufficient to compensate for the Er 2 O 3 induced refractive index decrease, whereas addition of La 2 O 3 to the base glass enables index matching between the Erdoped core and passive cladding glass. The thermal and optical properties of the undoped and Er-doped La-Na-Zn-tellurite glass (hereafter referred to as La-glass) are compared with the undoped and Er-doped base glass. The suitability of the La-glass for low-loss fiber fabrication is demonstrated via bare fibers made using the extrusion technique for preform fabrication.
Modeling of tellurite MOFs
The effective refractive index of the cladding region can be approximated by the effective index of the fundamental space filling mode (FSM) that would propagate through an infinite variant of the cladding lattice [11] . The impact of increasing the air fraction of the cladding microstructure on its effective index was modeled by increasing d/Λ (d = hole diameter and Λ = hole to hole spacing) of a variety of hexagonally periodic cladding geometries. 3 ) and undoped holey cladding, guidance cannot be achieved even with a predominantly air cladding without modification to either the core or cladding glass compositions.
Glass and fiber fabrication
Modeling demonstrated that index matching via modification of the glass composition is essential to create a core doped tellurite MOF. We selected La 2 O 3 addition as a promising approach for index matching. To explore the impact of La 2 O 3 addition on the thermal and optical properties of glass, we prepared Er-doped and undoped base glass and Er-doped and undoped La-glass (Table 1) . These glasses were melted at 900 °C in gold crucibles, cast into brass moulds and then slowly cooled to room temperature. In the Er-doped base glasses and in the undoped La-glass, Er 2 O 3 and La 2 O 3 were added to the base glass prior to melting. In the Er-doped La-tellurite glass some of the La 2 O 3 was replaced by Er 2 O 3 keeping the lanthanide ion concentration constant (Table 1) . Glass blocks made from 30 g batches were used for preparation of polished glass plates of 2 mm thickness. These plates were used for refractive index, absorption and fluorescence lifetime measurements. Cylindrical glass billets of 30 mm diameter were produced from 100 g batches. These billets were used to fabricate 10 mm diameter rods using the billet extrusion technique [12] and reduced in scale on a fiber drawing tower into bare (unstructured) fibers. These bare fibers enabled the measurement of the glass loss and illustrated the suitability of this glass as a fiber material. 
Thermal and optical properties of the glasses

Glass transition and crystallization stability
To determine the thermal and crystallization stability of the base and La-glass, we measured the glass transition temperature (Tg) and crystallization onset temperature (Tx) of the glasses. The thermal stability is indicated solely by the Tg and the crystallization stability of a glass is indicated by the temperature difference ∆T=Tx-Tg. These values were measured via differential scanning calorimetry using a heating rate of 10 °C/min. The base glass had a Tg of 302 °C and ∆T of 133 °C. The La-tellurite glass had both a higher Tg (315 °C) and higher ∆T (165 °C) compared with the base glass, which is of benefit for fiber fabrication.
Glass viscosity
Billet extrusion has been demonstrated to be a viable technique for the fabrication of microstructured fiber preforms [12] . This approach forces a glass billet at elevated temperature through a die into free space. To avoid glass crystallization, preform deformation and die breakage, the extrusion temperature needs to be selected with care, which requires knowledge of the temperature dependence of the glass viscosity. Simple and complex preforms are extruded in the viscosity range of 10 7 -10 10 dPa.s. In this relatively narrow range, measured temperature-viscosity-data can be well fitted with an Arrhenius equation. We used extrusion of rods from glass billets to determine the temperature-viscosity-curve for our glasses. The flow through dies with a circular channel obeys the Poiseuille law [13] , which allows calculation of the glass viscosity at a fixed extrusion temperature from the extrusion speed and pressure as well as the die channel length and diameter. The temperature-viscositycurve η(T) of the base glass has been reported previously by Braglia et al [14] . The base glass viscosity data measured here agree well with the Arrhenius equation based viscosity curve presented in Braglia's paper, proving how a rod extrusion is a suitable method for calculating a glass's viscosity. For the La-glass, the η(T) curve was calculated by fitting our measured viscosity data to an Arrhenius equation. Figure 1(a) shows that the La-tellurite glass has a higher viscosity than the base glass, which is consistent with the higher Tg of this glass. The similar viscosities of the Er-doped glasses compared with the corresponding undoped glasses indicate that, unsurprisingly, small rare earth amounts do not change the glass viscosity. 
Refractive index
The refractive indices of the glasses were measured using a prism coupler. The glass plates were positioned against the prism such that there was good contact. A rutile (Ti0 2 ) prism was used for these refractive index measurements as the index of the tellurite was known to lie between 2 and 2.6. The index was measured for all the samples at 632.8 nm to investigate the Er 3+ concentration dependence on the refractive index and the La-samples were measured at a range of wavelengths (632.8nm, 1310nm and 1550nm for the Er1La9 glass and for the La10 glass also at 532nm and 1064nm) to evaluate the index matching in undoped and doped Lasamples at different wavelengths. The index measurements (Table 1) verify that Er-doping of the La-free base glass reduces the refractive index, whereas the refractive index of the Erdoped La-glass closely matches that of the undoped La-glass within the measurement error. The indices of the undoped and Er-doped La-glasses are plotted against the Sellmeier curves for binary sodium tellurite and zinc tellurite glasses [15] in Fig. 1(b) . It is evident that the measured refractive indices follow a similar dispersion curve.
Bare (unstructured) fibers
Bare (unstructured) fibers were made from undoped base glass as well as undoped and Erdoped La-glass. The bare fiber loss is a useful indicator of the glass loss, and also demonstrates the impact of La-and Er-doping on the loss. The bare fiber loss spectra (Fig.  2(a) ) were measured using the standard cutback measurement technique on 200µm outer diameter bare fibers. This fiber diameter was chosen for its handleability (the ability to handle the fiber without breakage) and reproducibility in cleave quality. The fiber loss is independent of the fiber diameter as it is dominated by the material losses. A broadband white light source was collimated and then focused into the test fibers. The output signal was launched into an OSA directly using a bare fiber adaptor. Both the undoped base and La-glass bare fibers have low minimum losses of ≈0.2 ± 0.1 dB/m at 1.3 µm. The Er-doped La-glass fiber has a higher minimum loss of ≈0.4 ± 0.1 dB/m at 1.2 µm. These losses are comparable to the fiber loss measured by Shen et al [16] also for a Na-Zn-tellurite glass and demonstrate the suitability of the La-tellurite glass as a fiber material. 
Spectroscopic properties of Er 3+ in the tellurite glasses
Absorption
The absorption spectra in the visible to near-infrared region were measured using a CARY spectrophotometer. The absorption cross section, α, (Fig. 2(b) ) was calculated from the measured absorbance spectrum using the sample thickness and Er 3+ ion concentration. Note the area under the absorption cross-section for each energy level, ∫α dλ, is proportional to 2 2 ( 2) / 9 n n + , where n is the refractive index of the glass. A full derivation of this relationship is presented by Ebendorff-Heidepriem et al [17] . When comparing the doped base glass (B-Er1) and the doped lanthanum glass (La-Er1), which exhibit slightly different refractive indices, one would expect variation in their absorption cross-sections. According to the measured refractive indices, the lower index of the La-Er1 glass would theoretically result in a 1% reduction in the integral of its absorption cross-section, which is samller that the 5% error in the glass sample thickness measurement. Thus, the expected 1% difference between the B-Er1 and La-Er1 absorption cross-sections is not evident, and the absorption cross-section is unchanged with the addition of lanthanum to the glass composition within the measurement error.
Fluorescence
The total radiative decay rate (A) and lifetime of the Er 3+ 4 I 13/2 and 4 I 11/2 energy levels were calculated from the absorption cross-section spectra using the Judd-Ofelt analysis [17, 18] . The non-radiative multiphonon decay rate was calculated through the extrapolation of the results presented by Reisfeld et al [19] for their sodium-tellurite glass. The fluorescence lifetimes of the Er 3+ 4 I 11/2 and 4 I 13/2 energy levels were measured by directly pumping the I 11/2 level with a pulsed 974 nm laser and analyzing the fluorescence decay curve. The pinhole technique described by Kuhn et al [20] and a 300µm pinhole was used to minimize reabsorption effects (radiation trapping). Filters were used to observe the fluorescence decay to the ground state ( ) and thus the multiphonon decay rate is included in the theoretically predicted lifetime of 0.23 ms. For all three Er-doped glass samples, the measured lifetime of the 4 I 11/2 level (Table 1) is similar to the theoretically predicted lifetime, which confirms that the lifetime of this level is shortened considerably by non-radiative decay. For the two Er 3+ energy levels considered, the base glass and La-tellurite glass samples have the same measured lifetimes within the measurement errors, which demonstrates that the addition of La 2 O 3 does not have a detrimental impact on the Er 3+ fluorescence lifetimes.
The fluorescence was measured from a 2mm thick La-Er1 sample excited with a 974nm pump source. The spectrum (Fig. 3 ) was acquired using a JY Horiba spectrometer and a PbSe detector and is normalized to the peak of the characteristic 1.5µm emission. The measurement of the 2.7µm fluorescence illustrates that the decay over the 2.7µm transition is not completely quenched by non-radiative decay, although due to the shortened lifetime of this energy level, achieving population inversion across this transition will not be trivial. 
Conclusion
We demonstrate that the addition of La 2 O 3 to tellurite glass is a powerful approach to achieve index matching between active and passive glasses. Replacement of ~10% of the passive La 3+ ions by active Er 3+ ions resulted in the same index in the near infrared region for both glasses. This will facilitate the development of practical core-doped tellurite MOFs. More generally, this advance will enable the placement of the doped glass anywhere in a MOF with no impact on the fiber's guidance, something that is not possible in more conventional active fibre designs, a feature that could potentially lead to new and more flexible control of fibre laser properties. We have demonstrated that the Er 3+ absorption intensities and fluorescence lifetimes are not detrimentally affected by the La 2 O 3 addition, whereas the thermal and crystallization stability are observed to improve in the La-tellurite glass. The loss of the bare fibers demonstrates that the addition of La 2 O 3 does not impact the material loss. The Er-doped La-glass exhibits strong fluorescence at both 1.5 µm and, to the best of our knowledge, for the first time in tellurite glass at 2.7 µm.
